Introduction
Nitrobenzene has been extensively used as the electrooptic medium in Kerr cells.J- 6 Such Kerr cells were used primarily for the measurement of high-voltage pulses and high electric fields 3 4 and as optical shutters. 5 6 Most of the experiments with nitrobenzene that were reported previously used the approach in which the incident linearly polarized light beam was passed through the Kerr cell with the plane of polarization at 45°. In these experiments an external electric field was applied to the electrodes of the Kerr cell, and the phase retardation between the parallel and perpendicular components of the light electric-field vector (resulting from the induced electrooptic effect) was measured either by using a crossed polarizer arrangements or by interferometric techniques. 4 This phase retardation was then related to the applied electric field with the well-documented Kerr constant, and the unknown parameters were determined. To our knowledge, none of the experiments reported so far has used the absolute retardation of only one component of the electric-field vector. Such a measurement would require knowledge of the H. P. Sardesai electro-optic coefficients of nitrobenzene. Our experiment was motivated during the development of a semiconductor surface-field measurement technique that used the Kerr electro-optic effect and the MachZehnder interferometric analyzer. As we had reported earlier, 7 we first used the conventional approach of passing both of the polarization states through the Kerr cell and measuring the phase retardation between the two states, which would then help us determine the electric field. This approach was not entirely successful in determining the surface fields, 8 and this led us to use the approach of passing only one polarization state through the Kerr cell and use the other polarization state as a reference. 9 This approach required knowledge of the s~l electro-optic coefficient of nitrobenzene, which was measured as part of the Kerr cell calibration process.
Electro-Optic Effect in Nitrobenzene
Nitrobenzene is a straw-yellow-colored liquid that has the highest known Kerr constant. It is very toxic, and care in handling is important. Nitrobenzene has high dielectric strength, high resistivity, and close to 100% transmission from 420 nm to the near infrared. 6 The Kerr constant, dielectric strength, resistivity, and transmission depend on the purity level of nitrobenzene. We used 99% pure commercially available nitrobenzene with no special purification techniques. The nitrobenzene purity level is not critical if it is used for pulsed measurements; however, for dc measurements special purification techniques are required. 1 Nitrobenzene is normally isotropic but becomes birefringent when placed in an electric field. The medium then behaves optically as if it were an uniaxial medium in which the electric field defines the optic axis. This phenomenon of the electric-fieldinduced birefringence is known as the Kerr electrooptic effect. Because the medium is isotropic, we may choose the applied electric field to be along any coordinate axis. It is customary in electro-optics to choose the z axis as the optic axis, hence we chose the z axis to be in the direction of the applied field. The index ellipsoid for such an arrangement is given by' 0 2+ S 2 E + I + S1 2 E2) + z2(A + siiE2) = 1 (1) where E
tensor.' 0 is the magnitude of the applied field and = 1 2 and 33 = s from the electro-optic The index ellipsoid can be written as
(2) Fig. 1 . Schematic diagram of the experimental arrangement.
In general, one would find the birefringence as
or the more familiar equation,
where K is the Kerr constant, is the free-space wavelength, and n is the isotropic refractive index of nitrobenzene. Figure 1 shows a block diagram of the experimental arrangement. Plane-polarized light from a 20-mW He-Ne laser with the plane of polarization at 45 in the x-z plane is passed through the beam expansion optics. The expanded beam is split by the input beam splitter B located in the analyzer section. Horizontally polarized light gets transmitted and is made to pass through the Kerr cell, where it samples the entire area between the electrodes of the Kerr cell. The light is then directed by mirror M2 onto the output beam splitter B2. The reflected vertically polarized light, which is the reference beam, is passed through a half-wave plate that rotates the polarization to make it horizontal, and mirror Ml directs the polarized light onto output beam splitter B2. At the output of beam splitter B2 the two polarization states are made to interfere to produce a sharp fringe image. This fringe image is made incident upon the slit of the streak camera placed in the image plane of the imaging lens system. The slit width corresponds to the electrode gap, and the slit is placed at the center of the fringe image, which corresponds to the center of the electrodes. The sampling beam is shuttered for 5 ms by an external mechanical shutter to prevent damage to the streak tube and improve the final image on the film. The voltage pulse is applied by a high-voltage pulser that delivers microsecond flattopped voltage pulses across the electrodes. The entire experiment is controlled through the data acquisition and control room, from which the various triggering delays are adjusted and the voltage and current are monitored.
Experimental Arrangement
Briefly, the experiment is operated as follows.
Initially the various optical pieces are carefully adjusted and the mechanical shutter is then triggered to open, allowing the laser beam to pass through and form the background fringes across the slit of the streak camera. A trigger is then given to the streak camera to initiate the streak recording, and after a certain delay the high-voltage pulser is triggered to apply an 800-ns high-voltage (0-5-ky) pulse across the electrodes. The phase of the sampling beam is changed by the integral of the electric field that is present between the electrodes.' This change in phase causes the fringes to shift in time, and as the streak recording was started before the application of the high-voltage pulse (i.e., when the electric field was zero), the final fringe image on the film is in the form of a continuous flow image of the fringes, with the fringes appearing bent during the time period that the voltage pulse was applied. The output light intensity is given by 12 I 0C Cos2( 2A) (8) where y is the background phase difference (without electric field) and A is the electric-field-induced phase retardation and is given by' 2 AZ AE = 27r -, (9) where 8z is the background fringe spacing and Az is the induced fringe shift. The fringe shift is measured, and the s electro-optic coefficient can be calculated by use of the relations AE = -n 3 slE(x, z, t) , (10) where L is the length of the birefringent path; X is the free-space wavelength; n is the isotropic refractive index, which is 1.53 as given in Ref. 13 for various wavelengths; and E(x, z, t) is the applied electric field.
Experimental Results
The experiment was conducted with four different applied voltages. Two current-viewing resistors measured the voltage across the electrodes and the current between them, respectively. The voltage and current waveforms were displayed on the oscilloscope and digitized with a CCD camera. Commercial software was then used to determine the values of the digitized waveforms. The current measurement was important for determining if the nitrobenzene medium becomes conductive under high voltage, but no current was observed for any of the applied voltages. The electrodes of the Kerr cell were made of aluminum and were approximately 9 mm in length and spaced approximately 0.88 mm apart. The electrode length was measured with a standard vernier caliper. The electrode separation was measured by illuminating the electrode gap and magnifying the image by the use of the imaging lenses. This image was then projected on a plane, and the separation was measured by a metric scale and then divided by the magnifying ratio. Various measurements were taken, and the average was determined. Figure 2 shows the digitized fringe patterns for the different applied voltages. The fringe patterns were first recorded on a high-speed (20,000 ASA) Polaroid film and later digitized with a hand digitizer attached to a computer. The hand digitizer produced a digitized fringe image that could be stored as a file in the computer and later analyzed with a drafting package. In Fig. 2 the vertical axis corresponds to the temporal evolution of the fringes, and the horizontal axis corresponds to the spatial points between the electrodes. As can be observed from Fig. 2(a) , with no applied voltage the fringes do not shift. As the applied voltage is increased, the fringes start shifting, with increasing shifts observed for higher voltages. The fringe shift or bending was measured for the central fringe at the center point of the bending. This corresponds physically to the center point between the electrodes and at the center of the applied high-voltage pulse. It can be argued that at that point the electric field is most uniform and can be determined simply by division of the measured voltage by the contact separation. The fringe bending of the central fringe at points close to the center point of the bending was also calculated, and the average was taken. Thus, by determining the fringe bending, one can determine the value of AE in Eq. (9). This value can be then substituted in Eq. (10) , and the value of the sl parameter can be determined. By repetition of the procedure for the different applied voltages, the average value can be found. This is shown in Table 1 . It should be noted that the value of s 1 l determined here differs from the value reported earlier. 14 This is attributed to a more accurate fringeshift measurement technique that was not available in the past. The worst-case error in the measured value of the s~l coefficient was approximately 25% and can be attributed to the following factors. The error in the measurement of length that is due to the presence of fringing fields was typically taken as 3%. The error in the measurement of the contact separation was approximately 4.5%. The error in measurement of the fringe shifts was approximately 4%, and this is determined primarily by the ability to distinguish the fringe shifts. The error in the measurement of the voltage was less than 1%, which again depends on the resolution of the CCD camera and the associated software.
